Abstract-When using overmoded corrugated waveguide transmission lines for high power applications, it is necessary to control the mode content of the system. Ideally, overmoded corrugated transmission lines operate in the fundamental HE 11 mode and provide low losses for long distances. Unwanted higher order modes (HOMs), particularly LP 11 and HE 12 , are often excited in the experimental systems due to practical misalignments in the transmission line system. This paper discusses how the unwanted modes propagate along with the fundamental mode in the transmission line system by formulating an equation that relates the center of power offset and angle of propagation of a beam (for the HE 11 and LP 11 modes) or the waist size and phase front radius of curvature of a beam (for the HE 11 and HE 12 modes). By introducing two miter bend correctors into the transmission system-miter bends that have slightly angled or ellipsoidal mirrors-the HOMs can be precisely manipulated in the system. This technique can be used to eliminate small quantities of unwanted modes, thereby creating a nearly pure fundamental mode beam with minimal losses. Examples of these applications are calculated and show the theoretical conversion of up to 10% HOM content into the fundamental HE 11 mode with minimal losses.
I. INTRODUCTION

I
N THE electron cyclotron heating (ECH) and current drive systems of tokamaks and stellarators, corrugated overmoded metallic waveguides are used for low loss transmission of high power millimeter waves (at frequencies of about 77-170 GHz). Ideally, only the fundamental HE 11 mode travels in high power corrugated waveguide transmission lines. However, since these waveguides are over-sized to provide low losses over long distances for the fundamental mode, higher order modes (HOMs) may also propagate in the transmission line with low losses. A detailed analysis of the linearly polarized modes of corrugated waveguide is presented in [1] . Power conversion to HOMs must be minimized for transmission efficiency. Ohmic and mode conversion loss calculations for corrugated transmission lines presented in [2] and [3] indicate that high purity (95%) of the operating HE 11 mode of corrugated waveguide should be provided for the transmission line to meet the specifications of operation.
For ECH systems, the power is inserted into the waveguide system via a Gaussian beam from a gyrotron [4] , [5] . For example, each transmission line of the ITER ECH system will use 63.5-mm diameter corrugated waveguides and waveguide components to transmit up to 2 MW of continuous power at 170 GHz [2] , [6] , [7] . When coupling a Gaussian beam into oversized waveguide, HOMs are often excited due to a misalignment in tilt or offset and/or a mismatch of beam waist size or phase front radius. In addition, miter bends and other waveguide components contribute to high-order mode conversion in the system. Primarily, the LP 11 and HE 12 modes are of interest when studying HOMs in overmoded waveguide. Along with the fundamental HE 11 mode, these two unwanted modes have low losses. The LP 11 and HE 12 modes exist in large quantities due to realistic experimental misalignments in the system. A slight tilt or offset of the input beam excites low levels of power in the LP 11 mode. A mismatch of radius or a non-flat phase front of the Gaussian beam will result in the HE 12 mode. Diffraction in miter bends present in the system will also increase the HE 12 mode content. Other HOMs are usually present at much lower levels and/or have significant ohmic loss on the transmission line, such that they are much less important to the operation of the system. Several experiments have confirmed that most of the HOM content present in oversized transmission line systems is in the LP 11 and HE 12 modes [8] . The radiation pattern from a transmission line powered by a gyrotron has been measured in hot test using an IR camera [4] , [9] where the mode content was retrieved from intensity data using the phase retrieval code. In addition, experimental mode content has been determined from cold test measurements by scanning the pattern of radiation from the end of an oversized waveguide [10] , [11] . Therefore, this paper will focus on a correction based on the assumption that these two modes are the most significant HOMs in the transmission line system. The conversion of LP 11 and HE 12 mode content to achieve higher purity of the HE 11 mode can be done using phase correctors incorporated in two miter bends already present in the system. In this paper, we present a simple two-mode description of a two-mirror corrector design, first for an HE 11 and LP 11 mode superposition, then for an HE 11 and HE 12 mode superposition. A small tilt or offset of the input Gaussian beam can be compensated using tilts in two successive miter 0093-3813 © 2013 IEEE bend mirrors. As will be discussed, this technique reduces the LP 11 mode content in the waveguide and increases the fundamental mode content. In addition, a mismatch of the waist radius to the waveguide radius and a finite phase front curvature of the input Gaussian beam can be compensated by two profiled (ellipsoidal or toroidal) mirrors placed in miter bends to reduce the HE 12 content in the waveguide. For this analysis, the general multimode theory of phase correctors in overmoded waveguides has been applied [12] , [13] . Both HOM corrector designs are checked using the multimode transmission line code that simulates power propagation in overmoded waveguides and waveguide components [3] .
II. EXCITATION OF THE LP 11 MODE
When a Gaussian beam is inserted with a tilt and/or offset into a waveguide a superposition of the HE 11 and LP 11 modes is excited [1] , as shown in Fig. 1 . The HE 11 (also denoted LP 01 ) and LP 11 modes are linearly polarized (LP). For the geometry shown in Fig. 1 , the LP (e) 11 even mode is generated, which will result in anx-directed offset, x 0 , and angle of propagation, α x . Both offset x 0 and angle α x are z-dependent. The same analysis could be applied for aŷ-directed offset, y 0 , and angle of propagation α y , resulting in the excitation of the LP (o) 11 odd mode in the same polarization. The general case for any tilt angle or offset is treated by combining the results for the x-and y-axis cases. In this example, we assumex-directed polarization; aŷ-directed set of modes can be corrected with the same analysis.
The electric field E x distribution in the HE 1n (or LP 0n ) modes (n = 1, 2) is
normalized such that the modal power in the waveguide of radius a is 1. The field is defined in the cylindrical coordinate system with r , the radius from the center of the waveguide, and ϕ, the angle from the x-axis. 
The first zero of the Bessel function J 1 is ν 11 = 3.832. In (1) and (2), the scalar representation within the quasioptical approximation is used that assumes (ka) 2 ν 2 mn . A superposition of the HE 11 and LP 11 modes gives
(3) The power in the fields is normalized, such that P 01 + P 11 = 1 and each mode has a phase,
is the initial phase difference between the two modes, ω is frequency, and c is the speed of light. The superposition of modes results in an energy center offset in the waveguide 
where
and
and λ is the wavelength. Equations (4) and (5) can be combined and the tilt-offset conservation theorem can be formulated [1] 
The power in the LP 11 mode due to an offset (x 0 ) or tilt (α x ) at the input to the waveguide can be estimated from (8) as
or
These estimates are in reasonable agreement with previous estimates of LP 11 mode content excitation [14] , [15] .
III. ANALYTICAL THEORY OF LP 11 MODE CORRECTION
We assume that the beam inserted into the waveguide is a well-formed Gaussian beam, but that the insertion has tilt and/or offset. This insertion excites primarily the HE 11 mode and a small amount of the LP 11 mode (less than 10% of the power). As discussed in the previous section, tilt and offset at the entrance will generate a microwave beam in the waveguide that oscillates between energy center (radial) displacement, (4), and propagation angle variation, (5) . Since these are out of phase, the microwave beam in the waveguide will always have locations (repeated down the waveguide as the phase evolves) where the beam has a maximum tilt and zero radial displacement. To simplify the problem without loss of generality, we choose the entrance of the waveguide to be a location where the beam is tilted without radial displacement, as shown in Fig. 1 . The solution of the case with both tilt and offset at the waveguide entrance can be generalized from the special case solved here.
After propagating a distance of L 1 down the waveguide, there will be a miter bend where, in general, the microwave beam has both an offset and a tilt. The mirror of the first miter bend is adjusted with an angle, α 1 , such that there will be only tilt (and no offset) at the second miter bend. Then, the second miter bend is adjusted with an angle, α 2 , to compensate for the tilt present in the beam at the second miter bend. The first and second miter bend mirrors are separated by a distance L 2 .
It should be noted that this concept of a two mirror corrector works for any value of the distance L 1 . It also works for any value of the distance L 2 , except for the special case when L 2 is a multiple of half-beat wavelengths between the modes HE 11 and LP 11 . This exception is proven in the following derivation.
The general problem of coupling of a Gaussian beam with tilt and offset into a waveguide has been treated in [14] . For this analysis, we assume that the power is inserted at the center of the waveguide with a small tilt such that there is no initial power offset, x 0 (0) = 0 and there is a nonzero input angle α x (0). In the first length of waveguide (z < L 1 ), the offset x 0 (z) and propagation angle α x (z) are determined from (4) and (5) 
2ka 2 (13) and k = 2π/λ is the wavenumber. From (11) and (12), the initial displacement x 0 (0) = 0 and the initial propagation angle is
At the location before entering the first miter bend corrector, with z = L 1 − 0, the displacement and angle of propagation are
With a tilt angle of α 1 , the first corrector maintains the same power offset across the boundary while changing the propagation angle such that
In (17) and (18), we ignore the finite length of the miter bend, 2a, as compared with L 1 and L 2 . We also ignore small amounts of mode conversion at the miter bend.
Between the two miter bend correctors (L 1 < z < L 2 ) the modal powers are defined as P 01 and P 11 with phase difference between the modes. Assuming small tilts for the correctors, only two modes remain in the system and P 01 + P 11 = 1. The offset and angle in this region are
From (15)- (20), we can determine an analytical solution for mode conversion at a mirror tilted at angle α 1
At the location before the second miter bend corrector, z = L 1 + L 2 − 0, the displacement and angle of propagation are
The angles of the correctors are determined such that there is no offset or angle in the modal propagation after the second corrector, z = L 2 +0. To satisfy this condition, the angle of the first corrector is calculated such that the displacement before corrector two will be zero,
which can be written for use with (22) as
Thus, the tilt required on the first corrector is determined from (21)-(26)
The second corrector, with an angle of α 2 , compensates for the propagation angle that remains after the offset is removed with the first corrector,
Therefore, from (24), (26), and (28), the necessary angle for the second corrector to compensate for the propagation angle is
which can be reduced to
From (27) and (30), the length L 2 between the correctors cannot be a multiple of half-beat-wavelength 12 /2 = π/ k 12 to calculate a finite corrector angle. Fig. 2 shows a specific example of the miter bend correctors' effect on the angle α x (z) and displacement x 0 (z) as the power propagates along a transmission line. The analysis is done for the ITER transmission line (a = 31.75 mm) operated at 170 GHz with an initial insertion of a Gaussian beam with a tilt angle α x = 0.34 • , corresponding to an input of P 01 = 0.94 (94% HE 11 ) and P 11 = 0.06 (6% LP 11 ). The beam is coupled to the corrugated waveguide at z = 0, the first corrector is at L 1 = 2 m from the start of the waveguide, and the second corrector is at L 2 = 4 m (z = 6 m). The angles of the correctors necessary to compensate the initial input angle were calculated from (27) and (30) to be α 1 = 0.16 • and α 2 = −0.10 • . The modal powers in the section between the correctors 1 and 2 are P 01 = 0.98 and P 11 = 0.02. Since this is an ideal calculation, an output of 100% HE 11 was produced; there is no offset or angle of propagation in the output beam.
This corrector design has a relatively wide bandwidth. The corrective angles of the miter bends must be calculated assuming an ideal frequency; if a frequency variation of the input power away from the design frequency is considered while the same input mode mixture is maintained, the output will have a small percentage of LP 11 mode remaining. However, for a frequency variation up to ±2% of the design frequency, the LP 11 mode output power at the output is less than 0.1% of the total output.
IV. NUMERICAL THEORY OF LP 11 MODE CORRECTION
The validity of this simple two-mode calculation has been checked using the MMTL code developed for ITER transmission line loss estimates [3] . In the previous example, the modes were restricted to just the HE 11 and LP 11 modes and mode conversion in the system was ignored. The MMTL code considers small quantities of other HOMs that arise in the system in addition to the HE 11 and LP 11 modes. With the MMTL code, the diffraction in the two miter bends with the corrector mirrors is considered in the simulations. The miter bend is modeled as a junction of two waveguides whose open ends are cut using two symmetrical miter-cuts. The junction is formed such that the waveguides touch in two points. The miter bend is thus modeled as a partially covered gap between the waveguides. The propagation of the multimode field through the gap is simulated using an fast Fourier transform method [3] . A miter bend with an angle or phase corrector is modeled as a gap with a phase correction in the middle of the gap.
In this simulation of a miter bend, some mode conversion results. However, due to symmetry of the gap model of a miter bend, no conversion to the LP 11 mode occurs in this Fig. 3 .
Result of multimode analysis of the mode content correction. Output HE 11 mode content versus input LP 11 mode content without and with correction.
calculation. This is in agreement with alternative simulations of the miter bend using HFSS. These simulations indicate that conversion to the LP 11 mode in an ideal miter bend is highly reduced as the diameter of the bend is increased (compared with the wavelength). Conversion to the LP 11 mode in the miter bends is negligible under the parameters of this calculation.
The simulations are conducted for the same length between the correctors, L 1 = 2 m and L 2 = 4 m, that was used in the two-mode calculation (Fig. 2) . The ability of the correctors to reduce the LP 11 mode content does not depend strongly on the value of L 2 , so long as L 2 is not equal to (or almost equal to) an integer number of half wavelengths of the beat wavelength ( 12 /2 = 2.5 m) between the HE 11 and LP 11 modes. Fig. 3 shows the HE 11 mode content at the output as a function of the input LP 11 mode content for two cases: withand without the angled correctors. For an LP 11 input power of 10%, the corrected output power of the LP 11 mode can be reduced to as low as 0.6% and the HE 11 mode power is 98.4%. The remaining power is distributed among many modes including HE 12 (0.3%) and LP 12 (0.1%). In Fig. 3 , the intercept on the y-axis is at 99.6%, not 100%, due to 0.4% diffraction losses in the two miter bends. According to [16] , the mode conversion loss in a single miter bend is 0.195(λ/a) 3/2 = 0.26%, half of which is diffraction loss. The calculated 0.26% total diffraction loss in two miter bends is in reasonable agreement with the 0.4% diffraction loss in the MMTL code. Ohmic loss at the miter bends is omitted in this analysis.
V. EXCITATION OF THE HE 12 MODE
Ideally, the Gaussian input has a flat phase front and is perfectly matched in waist radius to the HE 11 mode in the waveguide. A superposition of HE 11 and HE 12 modes is excited in an overmoded corrugated waveguide transmission line when the Gaussian beam input is mismatched with the wrong beam waist radius or with a finite phase front radius of curvature. This cylindrically symmetric mismatch is typical in the experimental insertion of real Gaussian beams into overmoded waveguide. In the next section, we will show that the HE 12 mode can also be eliminated using two correcting mirrors with ellipsoidal surfaces.
The linearly polarized field in the corrugated waveguide is represented by the superposition of the HE 11 and HE 12 modes (also expressed as LP 01 and LP 02 )
with P 01 + P 02 = 1 and θ mn = θ mn (0) + k mn z. Anx-directed electric field is assumed, but the analysis also applies to â y-directed field. The difference in the propagation constants between these two modes is
The beat wavelength between the modes HE 11 and HE 12 is
For the ITER transmission line, 12 = 1.83 m. The amplitude distribution in the waveguide is oscillating as a function of z with the period 12 .
We consider, as an example, an input, which consists of 95% HE 11 and 5% HE 12 (P 01 = 0.95 and P 02 = 0.05). Fig. 4 shows the beam radius and the inverse phase front curvature radius as a function of propagation distance through a transmission line, z. These parameters are also visually shown in Fig. 5 . The phase front of the beam is flat (R 0 = ∞) at the minimum and maximum of the beam radius; the phase front has the minimum curvature radius at the average beam radius (w/a = 0.66). In this example, we choose z = 0 to be the location of the minimum waist size.
The effective beam radius w is defined as
which can be expressed as (45) From (35) and (42), we derive the conservation theorem, which relates the waist size w(z) and phase front curvature radius R(z) at any point in the waveguide to a constant dependent on the power distribution between the two modes in the waveguide
This relationship shows that the power distribution between the two modes conserves the ratio between the radius of phase front curvature and beam waist radius as they propagate in the waveguide; in the same way, (8) dictates the relationship between the offset and tilt for the LP 11 mode excitation case. Equation (46) may be used to derive expressions for the excitation of power in the HE 12 mode, P 02 , due to errors in the size of the beam waist, w, or the curvature radius, R, of the Gaussian beam injected into the waveguide. If the injected beam waist, w, differs from the ideal value of w 0 = 0.66a by a small amount w = w − w 0 (47) then the power excited in the HE 12 mode calculated from (46) will be
From (48), we observe that to restrict the excitation of the HE 12 mode to P 02 < 1%, the error in the waist size must be w/w 0 < 0.08. For a waveguide of diameter 2a = 63.5 mm at a frequency of 170 GHz, the waist size w 0 is 21 mm and the allowed error in the waist size for less than 1% excitation of the HE 12 mode is | w| < 2 mm (i.e. the waist size must be between 19 and 23 mm).
Equation (46) may also be used to set a limitation on the phase front curvature, R, of the Gaussian beam at the entrance to the transmission line waveguide. Ideally, the phase front at the entrance to the guide, located at z = 0, should be a flat phase front, with 1/R = 0. From (46), the excitation of power in the HE 12 mode, P 02 , due to a finite (nonzero) curvature radius R is given by
Equation (49) requires that for an excitation of less than 1% of the power in the HE 12 mode, the phase front curvature radius for the parameters discussed above must be greater than 3.6 m.
We can obtain the following results for the special case of a TEM 00 Gaussian beam, which is focused to the correct waist size but at the wrong location on the z-axis; that is, the waist is not formed at z = 0. The microwave beam will then have a finite curvature radius (positive or negative) at the entrance to the transmission line waveguide. For a Gaussian beam in the TEM 00 mode, we have
The quantity z 0 is called the Rayleigh range. For a beam waist of w 0 = 21 mm at a frequency of 170 GHz, z 0 = 0.79 m. Let us assume that the waist is formed at a location in z that is z distant from the ideal location, where ( z/z 0 ) 2 << 1.
[Note that since the ideal location of the waist using (50) is at z = 0, z is the same is z]. Then, 1/R(z) is given by
Let us also assume that the waist w 0 is equal to the ideal value of 0.66a; however, the results will not depend strongly on this assumption. Equation (49) will simplify to
The formation of the beam waist at an offset location z also leads to a larger beam waist, w, as given in (51). The larger waist leads to the generation of power in the HE 12 mode, as given by (48). However, this effect goes as ( z/z 0 ) 4 , and is negligible compared with the effect given by (54) under our assumption that ( z/z 0 ) 2 << 1. For parameters discussed above, (54) requires that, for an excitation of less than 1% of the power in the HE 12 mode, the ideal beam waist must be formed within 17 cm of the entrance to the transmission line.
VI. ANALYTICAL THEORY OF HE 12 MODE CONTENT CORRECTION
To correct the HE 12 mode, two ellipsoidal mirror correctors are placed in miter bends, in a system similar to Fig. 1 . At the waveguide entrance, the phase difference (θ 01 − θ 02 ) is, in general, arbitrary. For convenience, we assign the location z 0 so that (θ 01 −θ 02 ) = (n +1/2)π with n = 0, 1, 2 . . .. In that case, the beam has a finite curvature radius, R 0 , but a matched waist radius w 0 = w opt at the waveguide entrance. The finite radius of curvature at the input primarily excites the HE 12 mode along with the HE 11 mode. From (36), we calculate for P 01 = 1 that w opt = 0.66a, in agreement with the optimal Gaussian beam radius when the beam is truncated by the waveguide aperture. Let us note that without considering the truncation of the Gaussian beam at the input to the waveguide, the optimum waist radius is calculated to be w opt = 0.645a with an infinite phase front curvature radius at the input [14] . These values are in good agreement, and w opt = 0.66a will be used in this analysis for consistency.
The system can be understood as two lenses in the system that act as phase correctors with focal lengths of F 1,2 and separated by a distance L 2 . It is possible to correct for a finite initial phase front radius, R 0 , or for a beam radius that differs from the ideal radius w opt . The focal lengths of the correctors F 1,2 are related to the curvature radii of the ellipsoidal mirror correctors at the miter bends of the transmission line: in the plane of the bend, the mirror curvature radius R = 2 √ 2F, and in the perpendicular plane, R ⊥ = √ 2F. We assume that the power in the HE 12 mode P 02 1, such that P 01 P 02 is negligible, but √ P 01 P 02 must still be considered. Therefore, (36) reduces to w 2 0 = 2B 11 and w 0 = w opt = 0.66a.
As follows from (35) and (42), the effective parameters w 2 and kw 2 /R before the first corrector at z = L 1 − 0 are
The first corrector at L 1 with a focal length F 1 changes the phase front curvature radius, R, such that and keeps the effective radius of the beam unchanged
The modal powers change after the beam is transmitted through the first corrector to P 01 and P 02 (with P 01 + P 02 = 1) such that
Using (57)-(60), the phase difference between the HE 12 and HE 11 modes is found to be
Thus, using (55)- (61), we determine the modal powers as
Equations (61) and (62) characterize the mode conversion of the HE 11 and HE 12 mode mixture after a phase corrector of a focal length At the second corrector, the waist radius w must be matched to the HE 11 mode of the waveguide. From (63), sin( + k 12 L 2 ) = 0 meets this condition. Therefore, we impose that
The necessary focal length from the first corrector is found from (61) and (65), we thus determine the focal length of the first corrector, F 1 1
where we consider that
The second corrector compensates for the curvature radius present before it, R(z = L 1 + L 2 − 0) = R out . Therefore, the focal length F 2 is 1
We observe from (68) that the distance L 2 must not be a multiple of the half-beat-wavelength 12 /2 = 0.915 m. An example of these correctors is shown in Fig. 6 with a = 31.75 mm and the frequency of 170 GHz. Fig. 6 shows the normalized effective beam radius w/a and inverse phase front curvature radius ka 2 /R as functions of z calculated using this two-mode approach. The input curvature radius R 0 = 2.1 m, the waveguide section lengths L 1 = 1 and L 2 = 2 m. The input power was composed of 97% HE 11 and 3% HE 12 .
To correct the modes in the waveguide, focal lengths of the correctors were calculated to be F 1 = 1.6 and F 2 = −4 m. For the ideal calculations, these focal lengths result in an output with 100% HE 11 mode, a waist radius of w = 0.66a, and an infinite phase front radius.
VII. NUMERICAL THEORY OF HE 12 MODE CORRECTION
The two-mode analytical approach has been checked using the MMTL code [3] . The MMTL code was used to propagate 12 modes with a phase difference of π/2 at the entrance to the transmission line. This superposition corresponds to an input with an optimal effective waist radius w 0 = 0.66a and a finite effective phase front curvature radius R 0 for various HE 12 input powers. In this simulation, L 1 = 2 m and L 2 = 4 m to match the two-mode analysis. The HE 11 mode output power as a function of the input HE 12 mode power is shown in Fig. 7 for two cases: withand without the correctors. The simulations indicate that even an input HE 12 mode content of 10% can be greatly reduced with the correctors. For this case, the output consists of 1.3% HE 12 , 97.3% HE 11 , 0.8% HE 13 , and the remaining power is spread among several other HOMs. As opposed to the twomode analysis, the output power for the MMTL code cannot reach 100% HE 11 mode content due to the inherent truncation loss and mode conversion at the miter bends.
VIII. CONCLUSION
Realistically, an overmoded waveguide system has many challenges when being implemented. One of the largest challenges is the coupling of a Gaussian beam into the transmission line with limited excitation of HOMs. In addition to causing high losses in the system, HOMs can cause problems coupling the power out of the waveguide system, resulting in distorted beams and misdirected radiation.
A perfectly matched Gaussian beam, with w 0 = w opt = 0.66a and a flat phase front, 1/R 0 = 0, will have 1% truncation loss when coupled into a waveguide of radius a and 1% loss due to excitation of HOMs. Particularly, the power coupled into the HE 12 mode is 0.3% and HE 13 mode is 0.2%. In the experimental implementation, additional coupling errors from a mismatched Gaussian beam contribute to larger quantities of HOMs. The LP 11 mode is excited due to a tilt or offset of the Gaussian beam at the input; the HE 12 mode is excited due to waist or phase front radius mismatch between the Gaussian beam and the waveguide aperture. The HE 12 and HE 13 modes are excited if the waist radius is larger than w opt , but only the HE 12 mode is excited if the waist is smaller than w opt . Therefore, when the waist radius mismatch is significant and the HE 13 and HOMs are excited, the technique proposed in Section IV is less effective. Table I summarizes the types of errors that occur when coupling into the waveguide along with the primary mode that each error excites. The percentage of power that couples into those modes is shown for the twomode theory in the third column. Table II lists the HE 11 mode content in the waveguide as calculated by the projection of a Gaussian beam with a mismatch to the set of waveguide modes. The HE 11 mode loss due to the Gaussian beam tilt and offset are in agreement with [14] .
Previously, it was shown that the LP 11 mode develops due to a tilt and/or offset of the Gaussian beam input. The behavior of the LP 11 mode with the HE 11 mode is highly predictable, with a conservation of motion theorem relating the observable tilt and offset of the two-mode beam [1] . This paper has shown how the HE 11 and LP 11 mode superposition can be corrected to be primarily the HE 11 mode using two tilted miter bend mirrors.
An azimuthally symmetric mode, the HE 12 mode develops due to a Gaussian beam, which is inserted with a mismatched beam waist or radius of phase front curvature. This paper has developed a second conservation of motion theorem for azimuthally symmetric modes, which relates the beam waist size and radius of phase front curvature to a conservation of motion theorem. In addition, this paper has shown that a superposition of HE 11 and HE 12 modes can be corrected by using two curved miter bend mirrors to manipulate the phase front curvatures.
In addition to the correction of HOMs in the system, the technique for mode correction discussed in this paper can be used to systematically induce HOMs at the output of the waveguide system. This technique could be used to implement remote steering, where the beam can be directed through the systematic introduction of small amounts of HOMs. In this paper, we have only treated miter bend mirrors of simple shape, considering only tilted flat mirrors or ellipsoidal mirrors. In a real application, mirrors with a more general phase correction to treat an arbitrary mixture of HOMs might have to be considered. However, in many cases, where only the LP 11 and/or HE 12 modes are excited, the present approach may be expected to prove successful.
